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Abstract: Confusion exists as to the age of the Abor Volcanics of NE India. Some consider the unit to 
have been emplaced in the Early Permian, others the Early Eocene, a difference of ~230 million years. 
The divergence in opinion is significant because fundamentally different models explaining the 
geotectonic evolution of India depend on the age designation of the unit. Paleomagnetic data reported 
here from several exposures in the type locality of the formation in the lower Siang Valley indicate that 
steep dipping primary magnetizations (mean = 72.7 ±6.2°, equating to a paleo-latitude of 58.1°) are 
recorded in the formation. These are only consistent with the unit being of Permian age, possibly 
Artinskian based on a magnetostratigraphic argument. Plate tectonic models for this time consistently 
show the NE corner of the sub-continent >50°S; in the Early Eocene it was just north of the equator, 
which would have resulted in the unit recording shallow directions. The mean declination is counter-
clockwise rotated by ~94°, around half of which can be related to the motion of the Indian block; the 
remainder is likely due local Himalayan-age thrusting in the Eastern Syntaxis. Several workers have 
correlated the Abor Volcanics with broadly coeval mafic volcanic suites in Oman, NE Pakistan-NW 
India and southern Tibet-Nepal, which developed in response to the Cimmerian block peeling-off 
eastern Gondwana in the Early-Middle Permian, but we believe there are problems with this model. 
Instead, we suggest that that the Abor basalts relate to India-Antarctica/India-Australia extension that 
was happening at about the same time. Such an explanation best accommodates the relevant 
stratigraphical and structural data (present-day position within the Himalayan thrust stack), as well as 
the plate tectonic model for Permian eastern Gondwana. 
 
 
 
 
Dear Editors. 
 
All relevant information is in the “response to reviewers” file. 
 
Jason Ali 
Cover Letter
 Paleomagnetic study resolves contentious age dating issue associated with the Abor 
Volcanics; unit is Early Permian age, possibly Artinskian. 
 Region was >50°S when volcanism took place, and has subsequently experienced a large 
CCW rotation (~94°), around half of which is probably Himalayan related. 
 Abor volcanism related to India-Australia/Antarctica extension, not rifting of the Cimmerian 
terrane as is commonly assumed. 
 
*Highlights
  
 
 
 
Dear Editor Bor-Ming Jahn/Associate Editor Ian Metcalfe 
Journal of Asian Earth Sciences 
 
5 24 January 2012 
 
Regarding JAES-D-11-00376, “Paleomagnetic investigation of the Abor Volcanics of northeast India: 
significance for Gondwana-related break-up models in the Permian” 
 
Reviewers’ comments in black, main responses in blue, additional statements by J.C. Aitchison are in 
dark orange; quotations are in purple. 
 
In light of the reviewers’ critiques and subsequent discussions within our research team, we have 
decided to the shift the focus of our Abor Volcanics’ manuscript (our revised title clearly reflects this: 
“Paleomagnetic data support Early Permian age for the Abor Volcanics in the lower Siang Valley, NE 
India; significance for Gondwana-related break-up models”). The critical issue is the deeply conflicting 
views concerning the age of the series - Late Paleozoic versus Early Paleogene. The paleomagnetic data 
we have generated is unequivocal in supporting one of the proposed alternatives, at least for the 
outcrops in the lower Siang Valley (the type area for the formation). Our work is thus hypothesis testing 
in the classical manner. Actually, the line we now adopt is similar to that used in a talk I gave at a 
September 2010 meeting of the “International Association of Gondwana Researchers” in Qingdao, 
China. Interestingly, Prof. Jahn sat in on the presentation and at the end asked 1-2 questions. 
The divergent views concerning the age of the Abor series stem from the complex field relations the 
succession has with the bounding units for which biostratigraphic ages have been obtained. This is 
primarily a result of the fact that large parts of the field area are covered in dense vegetation, as well as 
the terrain being steep and inaccessible. Notably, the radiometric age-dating study reported in a recent 
multi-disciplinary investigation (Liebeke et al., 2011) failed to resolve the issue – see below, as did a 
regional synthesis that appeared just a year earlier (Kesari, 2010). (Notably, however although failing to 
resolve the actual age of the Abor Volcanics the results of Liebke et al 2011 eliminate the possibility of 
any age younger than Late Cretaceous) The principal features of the paleomagnetic data-set we have 
obtained from the Abor series in the lower Siang (based on eight outcrops and 39 cooling units) are: (i) 
the directions are consistently aligned and pass attitude-correction tests, indicating a pre-tilting 
remanance; (ii) the presence in one section of antipodally magnetized flows is powerful evidence that 
magnetization is primary; (iii) critically, the directions are far too steep for them to date from the Early 
Eocene - NE India was then just north of the equator, thus a remanence acquired then would have been 
very shallow; (iv) the mean inclination angle matches to within a few degrees that deduced from plate 
tectonic models for this part of India (Gondwana) in the latest Paleozoic. 
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*Detailed Response to Reviewers
Reviewers' comments: 
 
Reviewer #1: I am very glad to see the paleomag work presented by the authors on the Abor volcanics. 
The Abor volcanic rocks are rather unique in the eastern Himalaya, a small outcrop near the eastern 
Himalayan syntaxis with a poorly defined age. There have debates in the past 5 decades in the Indian 
literature whether it is an eartly Tertiary unit or a Permian unit. The evidence for a Permian age is the 
abundant plant fossils in the interlayered sedimentary rocks. The evidence against it is that the same 
sedimentary units also contain Tertiary plant fossils. This has led to Acharyya, the former director of the 
Indian Geological Survey and arguably the most knowledgeable field geologist of the Arunachal 
Himalaya to conclude that the Abor volcanics are of Tertiary age (i.e., Paleocene to Eocene; also see 
Kumar 1997's monograph on the Geology of Arunachal Pradesh). I personally visited the area where the 
authors collected samples along the Siang River (southern extension of the Yarlung Tsangpo). The 
structural and stratigraphic relationships are rather complex. Imbricate thrusts are common and 
penetrative and the age of individual units bounded by the thrusts are not well constrained. Because of 
the ambiguity with the ages of the volcanic rocks, the conclusions made in the manuscript are based on 
a very shaky background. I am surprised that the authors simply brushed off Acharyya's many decades 
of work in one sentence. He actually mapped the area rather than sail a boat along the river. Unless the 
authors can provide the ages of the rocks on which they performed p-mag work, there is no need to 
publish something that is so highly incomplete. I recommend that the manuscript rejected but 
encourage the authors to complete this research project by (1) producing a detailed geologic map 
showing where the samples were collected and (2) dating the volcanic rocks that were used for the 
paleomagnetic study. 
 
As explained above, the manuscript has been re-focused. In the new document we test the two ages 
that have been proposed for the Abor Volcanics, Permian (Early) and Early Eocene; the steep 
predominantly downward dipping magnetizations make the former option the only viable choice. A 
relatively short section in the “discussion” then explores the potential significance of the suite to eastern 
Gondwana’s geodynamic development in the late Paleozoic. 
 
Concerning the geological map, the one we used in the initial submission, and the one in the new 
manuscript, is based on a map that has been presented by S.K. Acharyya in a number of Abor Volcanics 
and/or Himalayan geology papers. Access to detailed Indian geological maps, particularly for this part of 
the country (China claims large swathes of Arunachal Pradesh), is not so straightforward. It is worth 
noting that all of the papers by Acharyya refer to a “Simplified geological map of the Siang window”. The 
implication is that a more detailed map actually exists – however this does not appear to actually mean 
that there is a more detailed map. We have never seen any reference to such a map and it would surely 
be cited by Acharyya if it existed – in this case simplified real means ‘simple’. This issue aside, we can 
confirm that the outcrops of the Abor Volcanics we passed over (and shifts to other lithostratigraphic 
units – actual contacts were invariably obscured) correspond to those depicted by Acharyya and/or 
colleague (during fieldwork, we were also able to make use of low-altitude satellite images generated 
from GoogleEarth; conveniently they are ostensibly cloud-free). Considering the change to the 
manuscript’s focus, perhaps the editors can be accommodate our request not to generate a detailed 
geological map, as doing so would be unfeasible. Also all of the sample locations are correctly positioned 
on the existing map and we have supplied in the table the latitude/longitude of each exposure (based on 
both hand-held GPS field readings, which were verified using GoogleEarth). 
 
Regarding the request for “dating the volcanic rocks that were used for the paleomagnetic study”, the 
new manuscript focus means that we can use the mean paleomagnetic direction to unequivocally 
support  one of the two age-proposals for the Abor volcanic, and can reject the alternative with 
considerable confidence. 
 
In addition to the response above, co-author Jonathan Aitchison (JCA) raised the following points 
We note from the most recent Indian Geological survey work on this area (Kesari, 2010, Geology and 
Mineral Resources of Arunachal Pradesh, Geological Survey of India Miscellaneous Publication, Volume 
30 Part IV vol I(i) Arunachal Pradesh: Guwhati, Geological Survey of India, p. 54.) that considerable 
uncertainty still exists regarding the stratigraphic assignment of the Abor Volcanics – in fact this 2010 
volume places them in both the Permian and the Paleocene – seemingly without any real conflict! 
Clearly, resolution of this debate on the basis of lithostratigraphy is outside of our investigation - no new 
data exist that can contribute to this debate and no critical new exposures have been discovered. Our 
paleomagnetic investigation provides an entirely new approach that contributes to the debate and 
provides a viable solution. 
 
It is interesting to read Kesari (2010), which is probably the latest and most up to date word on these 
things and see what he has to say about the state of play in this stratigraphic problem – from page 13 – 
“Lichi Volcanics: In Arunachal Himalaya mafic volcanics have been recorded from various formations viz., 
the Proterozoic Tenga Formation, Lower Permian Bichom and Bhareli Formations and the Palaeocene- 
Eocene Yinkiong Group (described later). All these volcanics had been collectively referred as Abor 
Volcanics (Acharyya et.al, 1983) disregarding their stratigraphic position and age. While the 
metavolcanics of the Tenga Formation are clearly distinct by virtue of their metamorphosed character 
and interbedded occurrence with the Along Member, confusion remains regarding the volcanics 
associated with the Lower Gondwana and those with the Yinkiong Group. To avoid this confusion, the 
volcanics associated with the Lower Permian Bichom-Bhareli sequence have been separated out from the 
Abor Volcanics (Coggin Brown, 1912) and referred by Ravi Shanker et.al, (1989) as the Lichi Volcanics 
named after a village in the Ranga valley (Kimin-Yazali road section). Basic volcanism in similar 
stratigraphic position has been recorded from the Sikkim Himalaya also. The intertrappeans associated 
with basic volcanic rocks exposed west of Yinkiong, east and southeast of Dalbuing are known to have 
yielded Early Permian palynomorphs (Prasad et.al, 1989). These volcanics therefore, may correspond to 
the “Older Volcanics” of Tripathi and Roychowdhury (1983) and represent a phase earlier than the Abor 
Volcanics (Tertiary) but coeval with the Lichi Volcanics. Petrography of the Lichi Volcanics has not yet 
been studied in details. These volcanics are dark grey to greenish grey in colour and at places 
amygdaloidal to vesicular in nature and are associated with tuffs and ash beds (Roychowdhury, 1984). 
The other associations are leucite basalt and trachytes recorded in Ranga valley.” 
 
Actually, what Kesari (2010) have done regarding nomenclature is inappropriate in respect of priority as 
the Abor Volcanics s.s. should be the Permian material – any discovery of other basalt (Paleocene) in the 
Yinkiong area (and Group) came later so the name should go with the first described unit – however, 
this may simply show the influence of S.K. Achayyra. It is quite possible that both Permian and 
Paleocene basalts exist – maybe we didn't find the Paleocene ones (although we doubt this is the case). 
However, the ones we sampled are almost certainly Permian – as indicated by our paleomagnetic results 
and to a lesser extent by the outcrop where the gneiss/basalt non-conformity was observed. 
 
The notion that we should produce a detailed geological map of the area is somewhat impractical – this 
has not been achieved by the Geological Survey of India and presumably the reviewer knows that this is 
well beyond the means and capabilities of a university research project. Furthermore it is well beyond 
the scope of what is needed for resolution of the problem we seek to address. The reviewer is rather 
dismissive of our using rafts in order to access inspect better exposures of the material we sought to 
study. In fact, the best exposures lie within deep gorges along the Siang River. Such outcrops were never 
accessed by Acharyya as modern rafting equipment was not available at the time of his studies. Thus, 
we are able to provide new data from new and better outcrops rather than simply revisiting the 
indifferent roadside exposures that were previously examined by Indian geologists (although we visited 
these outcrops as well). Indeed the Siang Rover flows through one of the mightiest gorges on Earth – it 
was only by using rafts that we were able to obtain samples from numerous flow units and provide the 
rigourous tests demanded by quality paleomagnetic investigations. 
 
Radiometric dating of the Abor Volcanics is impractical – actually we throw much light on the 
contentious age dating issue using paleomagnetic techniques that are entirely valid and with which our 
data set is internally consistent. We note that previous attempts at radiometric dating (the most recent 
of which was reported by Leibke et al., 2011) produced highly anomalous results – most of which 
indicate re-setting by collisional tectonics events. Our group attempted to extract zircons from samples 
of the Abor Volcanics but none of the samples produced any notable yield of material suitable for 
dating.  
 
 
 
Reviewer #2: The principal highlights of the paper under review are: Abor Volcanics of Arunachal 
Pradesh, NE India reveal primary steep dipping magnetization, which constrain the unit's age and 
geotectonic setting. Authors infer late Paleozoic age for the Abor Volcanics, which were further 
postulated to be related to India-Australia /India-Antractica extension. 
 
Authors are apparently unaware of a recent study also involving paleomagnetics and geochronological 
studies on the Abor Volcanics in same area (Liebke et al., 2011). It recorded presence of at least two 
separate events of volcanism. From paleomagnetic sites two characteristic magnetic remanence 
components were recognized: a low-coercivity component demagnetized below 20 mT and a high 
coercivity component demagnetized between 15 and 100 mT. Fold tests support a secondary origin for 
both components. 
 
(*** reference to this paragraph is made below) We were unaware of the study by Liebke et al. (2011), 
which only appeared immediately prior to our original submission, but are happy to accommodate the 
results presented in theirher paper. Importantly and most significantly, the paleomagnetic aspect to 
their investigation, although also “tectonic” in focus, was entirely different to ours. Their aim was to 
extract from the Abor Volcanics secondary magnetizations with which to quantify Himalayan-age thrust-
sheet rotations close to the Eastern Syntaxis. In many cases (26 out of 35 samples sites; their Table 2), 
the directions are from cooling units where flow orientations (very loosely “bedding”) were not 
recorded/reported. This contrasts with our investigation where we were looking specifically for primary 
magnetizations in order to model the geodynamic setting in which the Abor Volcanics were erupted 
(whether it be Eocene, our assumption of the age of the unit when we embarked upon the study, which 
related to our long interests in the India-Asia collision, or Permian). As such, a fundamental requirement 
is unequivocal “bedding” control to deduce the paleohorizontal; we were not concerned with the 
directional patterns recorded by secondary magnetizations. Another important issue for us was the 
reproducibility of the directional data, hence we only sampled sections where we could collect blocks 
from three or more cooling units (flows or dykes). This approach contrasts with Liebke et al. (2011, Fig. 
2b, see below), where many if not all of the sampled levels were from individual exposures, and thus 
there they had is no check on outcrop-level consistency at the outcrop. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the Siang Window, where the Abor Volcanics are exposed extensively, the Abor disconformably 
overlies the Miri Quartzite and conformably underlie the Yinkiong Fm (volcaniclastic and minor 
volcanics). The Abor Volcanics in the Siang Window are often not closely associated with Late Paleozoic 
rocks. Authors have given little reliance to biostratigraphic dating of the Abor Volcanics or the 
conformably overlying Yinkiong Formation (Singh, 1999; Acharyya, 2004; Acharyya and Saha, 2008). 
Boxed numbers 1-39 
are sites sampled 
Liebke et al. (2011) 
Although these units have yielded Permian palynoflora (Prasad et al., 1989), they also yielded early 
Tertiary palynoflora from same area (Prasad and Dey, 1986). The former elements are regarded to be 
reworked elements as is common in northeast India. The authors did not cite the latter references. 
 
The introduction to our revised manuscript acknowledges the contentious ages issue associated with the 
Abor Volcanics. All of the references mentioned by the reviewer are incorporated into our manuscript 
demonstrating support for the two age proposals. In our opinion, the paleomagnetic data-set we 
present provides a simple robust test of the Permian versus Eocene age proposals. 
 
Liebke et al have recorded 319±15 Ma K-Ar WR age from a basalt boulder in Yamne (referred to as 
Sipong by authors) river. Presence of a Permian marine fossil bearing slate boulder is also reported 
farther upstream. Thus the presence of Late Paleozoic part of the Abor Volcanics is recorded but their 
in-situ positions are not known. On the other hand, other volcanic samples yielded K-Ar WR reset ages 
between 87.2 and 24.9 Ma. ZFT thermochronology of the Yinkiong and Miri formations indicates a post-
Paleocene and post-Jurassic deposition age respectively. They further indicate that volcanic rocks 
intercalated and intruding them are not part of Late Paleozoic sequence but represent one or more 
latest Cretaceous to Tertiary events. 
 
As far as we are concerned, there is no obvious pattern to the suite of age dates Liebke et al. (2011) 
presented that enables one to say “the Abor Volcanics were clearly erupted in the XXXXXXX”.  
Bearing in mind that this area sits within core of the India-Asia collision zone, the basalt samples 
analyzed by Liebke et al. (2011) most simply produce what are likely to be reset ages relating to when 
these samples last passed through the Ar cooling temperature after various tectonic episodes. This is in 
fact acknowledged by Liebke et al. (2011), and the implication is that the Abor Volcanics must be older 
than these ages (i.e. older than 87 Ma – which itself is appreciably older than the Yinkiong Formation!). 
(Curiously, the lead author encountered a similar issue with the Emeishan LIP of SW China: Ali et al. 
2004, Emeishan Basalt Ar-Ar overprint ages define several tectonic events that affected the western 
Yangtze Platform in the Meso- and Cenozoic. Jour. Asian Earth Sciences, 23, 163–178).  We note that the 
one sample that produces produced an older age (319 ±15 Ma) – however even though this age seems 
to broadly fits with our results (Leibke et al., 2011 state: “This age datum provides the first 
geochronological support for Late Palaeozoic volcanism in the Siang Valley”), we would be very cautious 
in placing undue emphasis on a whole rock K-Ar age. We have no idea what mineral phase(s) it relates to 
and even if accurate it may only represent a very precise average for all potassium-bearing mineral 
phases within the whole rock sample.  
 
Liebke et al. (2011) also tried to constrain the age of the unit by applying low-temperature techniques to 
the sedimentary units that sit below (Miri Quartzite, 1 sample) and above (Yinkiong Fm, 2 samples) the 
AVs. It is unsurprising that Liebke et al. (2011) reported latest Cretaceous and Eocene ages from fine 
mineral extractions from Yinkiong Formation shales. This is in accord with biostratigraphic ages known 
from this particular formation. However, at no stage have contact relations of any sort – stratigraphic or 
tectonic, been demonstrated with Abor Volcanic units by any previous workers. Thus these ages bring 
little to the debate. The Liebke et al. (2011) fission track ages do not have any bearing on our results or 
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the interpretation of our results. As one might expect the Yinkiong Formation yields ages that indicate is 
was deposited after 56 Ma. Concerning the age obtained for the Miri Quartzite, then something is wrong 
with the age they report as Kesat et al. (2010) clearly place it in the Paleozoic and describes how it is 
overlain by a unit that contains unequivocally Permian fossils – in this case not just pollen but marine 
invertebrates would have had need to be reworked, which is most unlikely. 
 
Authors have selectively highlighted only the occurrences volcanics of inferred Late Paleozoic age from 
the Himalayas and from other places, but are silent on the presence of early Eocene volcanics from 
some areas of the Arunachal Pradesh and other areas of the Himalayan frontal belt. Many of these have 
been cited by Acharyya (2007). Although the authors have cited this reference they left those 
occurrences unaccounted for. Recently early Eocene ash beds have also been recorded from the 
Subathu Formation from Kalka area (Siddaiah et al., 2008). 
 
As mentioned above, the latest Indian Geological Survey report on the issue (Probably good to refer to 
Kesari 2010) illustrates the  (copied above) herecomplexities of the stratigraphy within Arunachal 
Pradesh. 
 
 Whilst acknowledging that Eocene volcanic rocks have been reported from nearby, as far as we are 
aware, there has been no attempt to correlate them with the Abor series (on petrological and/or 
geochemical grounds). With regards to the Siddaiah et al. (2008) reference (and the papers that 
preceded it), we are unsure why the reviewer raises a point about ashes from “the Subathu Formation 
from Kalka area”. First, the outcrop sits to the north of Delhi, making it ~1700 km from the Siang River 
area (Siddaiah & Kuma, 2007, Figure 1).  Second, none of the papers in the comment-reply chain, 
particularly those of S.K. Acharrya, link the rocks to Abor (or even mention the word “Abor”). Thirdly, 
the rocks are felsic rendering it unlikely that they are correlatives to the Abor. These issues aside, the re-
framing of the manuscript makes this point now not relevant. 
 
Late Paleozoic dating of the Abor by the authors is speculative and biased. They preferentially cite only 
those evidences that support Late Paleozoic age for the Abor. They also regard primary nature of steeply 
inclined magnetic direction and presence of some reversed magnetic polarity. They correlated this to 
Kiaman Reverse Polarity Super Chron. However, both magnetic components in the Abor based on fold 
tests are regarded secondary by Liebke et al. (2011). 
 
The newly focused manuscript largely addresses the criticism associated with the first two sentence of 
the above paragraph (our simple assumption that the AVs were of Permian age). Regarding the 
remaining statements, the reviewer seems unaware of the rationale underpinning the study by Liebke et 
al. (2011). Their team was looking specifically for secondary overprint remanences to quantitatively 
constrain Himalayan-age thrust-sheet motions close to the Eastern Syntaxis. The study follows on from a 
long history of related research by Prof. Appel (Tubingen) and his colleagues in which secondary 
magnetizations have been used to quantify deformation induced by India’s indentation into mainland 
Asia (e.g. El Ray et al. 2011, Geophysical Journal International; Antolin et al., 2010, Tectonophysics; Schill 
et al., 2004, Geological Society of America Special Paper #383; Schill et al., 2003, Tectonophysics; Schill 
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et al, 2002, Earth and Planetary Science Letters). Our earlier response (paragraph marked ***) explains 
the issue in some detail. 
 
Field studies by the authors are partly made during rafting down Siang and Sipong (Yamne in Survey of 
India topographic sheet) rivers. Flow layers and their orientations are recognized in course of rafting. 
Some geological relations described by the authors are, however highly suspect. In location 2 and 1.5 km 
downstream from bridge at Dite dime, they claimed that the volcanics rest nonconformably over a 
basement high of gneissic rocks and conformably upon an on lapping quartzite (lines 102-03). No 
gneissic basement is exposed here or around. 
 
Concerning the presence/absence of gneissic rocks at the outcrop where samples PA10-13 were 
collected, we believe the reviewer is wrong. The picture below shows the critical contact with shallow-
dipping basalts to the left-hand side and top resting non-conformably atop gneisses carrying a steep 
foliation. About 70 m downstream of this picture, columnar-jointed basalts rest conformably on 
quartzites (that are also cut by a least three feeder dykes, each 0.5-1.5 m wide). The reviewers’ 
questioning of our observation probably stems from the fact that when they inspected the outcrop the 
contact was masked by a river beach. This is not surprising - between years, particularly with incised 
water courses (the Siang is like this for much of its length), with a hugely variable flows, such features 
are prone to shift dramatically. Also noteworthy is the fact that because the basalts rest on basement, 
the volcanics here must be some of the oldest in the suite. It also gives much support to them not being 
Paleogene, for it begs raises the question what happened to the lithostratigraphic units that Acharyya 
(e.g., 2007) argues supposedly sit between the two? Furthermore, the non-conformity forms a critical 
piece of evidence underpinning our assertion (which we emphasize is speculative) that the small 
number of normal polarity sites we identified record a short normal-polarity interval within the middle 
of the Kiaman Reverse Polarity Superchron. 
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Based on evaluation of Greater India's size, shape and pre-breakout position within Gondwana, Ali and 
Aitchison (2005) suggested that the Abor and Sikkim eruptions would have been at least 1400-1500 km 
south of the rifting zone, which had to run north of the continental basement. As a consequence, 
authors suggested that the Abor Volcanics resulted from the approximately coeval rifting that was also 
taking place between India/Antarctica and India/Australia and not related to rifting and drifting of the 
Cimmerian block. The preferred reconstruction faces mismatch problems of mobile belts. The Late 
Paleozoic part of the Abor and the Sikkim volcanics constitute intrinsic part of a failed Gondwana rift 
that was located along proto-Himalaya and to the north (present orientation) of the Peninsular Indian 
intra-cratonic and riftogenic Gondwana basins (Acharyya, 1996, 1998). It is geologically inappropriate to 
place the so called Abor-Sikkim Gondwana belt between India-Australia or India-Antractica continents as 
proposed by the authors 
 
This part of the critique is rather strange. Now the reviewer acknowledges that the Abor (and Sikkim) 
Volcanics are in part Late Palaeozoic in age: “The Late Paleozoic part of the Abor and the Sikkim volcanics 
constitute….”. As for his/her questioning of the volcanics not being related to India-Antarctica/India-
Australia rifting we are somewhat non-plussed. As far as I can ascertain from reading of Acharyya 
(1998), the rifting episode he mentions is related to the Cimmerian Block’s separation from the western 
Australia-northern India portion of eastern Gondwana. In the text, all we do is highlight the problems of 
invoking this as a mechanism for the Paleozoic volcanics in NE India because the distance from the 
rifting margin seems unfeasibly large. This, however, is simply an opinion; critically the language we use 
to explain our view could not in any way be construed as being forceful or even dogmatic. If other 
researchers wish to interpret things differently, or present new information, which supports the 
alternative, then that is fine, but with the presently available data, we believe our current explanation 
works best. 
 Also, the just-published Note, however that the recent JAES paper by work of Ghosh et al (2012) in JAES 
is significant in this regard as the basins they discuss are more likely related to rifting where we suggrest 
it might have occurred rather than along the margins of the Cimmerian terranes. 
 
Authors need to thoroughly revise the paper taking note of and integrating all published data. That most 
workers consider the Abor to be Permian in age and only a few consider it to be early Eocene (lines 184-
189) does not justify 'favouring' the former interpretation. The preference for the Permian age as it 
supports preferred Gondwana related break up models also does not strengthen this correlation. All 
models have to satisfy all data and not other way round. 
 
As alluded to earlier, the manuscript has been refocused – our paleomagnetic study provides 
quantitative information with which to test two dramatically different age proposals for the AVs, 
Permian versus Eocene. Of the two, the steep direction recorded by the unit (which can be regarded as 
primary based on both positive attitude-correction and reversal tests) unequivocally supports the 
Permian proposal. 
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Abstract 
Confusion exists as to the age of the Abor Volcanics of NE India. Some consider the unit to have 
been emplaced in the Early Permian, others the Early Eocene, a difference of ~230 million years. The 
divergence in opinion is significant because fundamentally different models explaining the geotectonic 
evolution of India depend on the age designation of the unit. Paleomagnetic data reported here from 
several exposures in the type locality of the formation in the lower Siang Valley indicate that steep 
dipping primary magnetizations (mean = 72.7 ±6.2°, equating to a paleo-latitude of 58.1°) are recorded 
in the formation. These are only consistent with the unit being of Permian age, possibly Artinskian based 
on a magnetostratigraphic argument. Plate tectonic models for this time consistently show the NE 
corner of the sub-continent >50°S; in the Early Eocene it was just north of the equator, which would 
have resulted in the unit recording shallow directions. The mean declination is counter-clockwise 
rotated by ~94°, around half of which can be related to the motion of the Indian block; the remainder is 
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likely due local Himalayan-age thrusting in the Eastern Syntaxis. Several workers have correlated the 
Abor Volcanics with broadly coeval mafic volcanic suites in Oman, NE Pakistan-NW India and southern 
Tibet-Nepal, which developed in response to the Cimmerian block peeling-off eastern Gondwana in the 
Early-Middle Permian, but we believe there are problems with this model. Instead, we suggest that that 
the Abor basalts relate to India-Antarctica/India-Australia extension that was happening at about the 
same time. Such an explanation best accommodates the relevant stratigraphical and structural data 
(present-day position within the Himalayan thrust stack), as well as the plate tectonic model for Permian 
eastern Gondwana. 
 
Keywords: Cimmerian terrane, Siang Window, Panjal Traps, Nar Tsum Spilites, Bhote Khosi Basalts, 
Eastern Syntaxis, Permian, Gondwana, Kiaman, Artinskian 
 
1. Introduction 
The Abor Volcanics outcrop in Arunachal Pradesh, NE India, just south of the East Himalayan 
Syntaxis (Fig. 1). Published estimates of the age of this mafic-lava dominated unit are very different: Late 
Carboniferous-Early Permian versus Early Eocene. Regardless of formation age, the basalt geochemistry 
has been used as key evidence underpinning models explaining either (i) the Late Paleozoic break-up of 
eastern Gondwana (e.g. Sinha Roy and Furnes, 1978; Bhat, 1984; Garzanti et al., 1999; Chauvet et al., 
2008), or (ii) the complexities of the India-Asia collision zone in the early Paleogene (e.g. Sengupta et al., 
1996; Acharyya and Sengupta, 1998; Acharyya, 1998, 2001, 2007). The regional geological framework 
within which the formation is located is clearly not as straightforward as many workers assume; 
compare the schemes of Jain and Thakkur (1978, their Table 1, A.V.s = Middle Paleozoic), Bhat (1984, p. 
766, A.V.s = Late Carboniferous-Early Permian); Tripathi and Mamgain (1986, p. 76, A.V.s = Paleozoic), 
Acharyya (2007, his Table 1, A.V.s = Early Eocene). Structural complexity associated with Himalayan 
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thrusting combined with limited exposure due to the thick vegetation cover impedes resolution of the 
stratigraphy. Biostratigraphic-age control appears ambiguous. Permian spores and pollen have been 
recovered from sedimentary intercalations (e.g., Roy Chowdhury, 1979; Prasad et al., 1989). However, 
Sengupta et al. (1996), Acharyya and Sengupta (1998) and Acharyya (2000, 2007) assign the unit to the 
Ypresian; their stratigraphic interpretation regards the Abor Volcanics as being sandwiched between 
fossiliferous Paleocene-Lower Eocene quartzites and foraminifera-bearing uppermost Lower Eocene to 
Middle Eocene argillaceous sediments of the Yingkiong Formation (e.g., Singh and Singh, 1983; Prasad 
and Dey, 1986; Tripathi and Mamgain, 1986; Sengupta et al., 1998; Singh, 1999). 
Interestingly, two publications have appeared recently that are pertinent to discussions 
concerning the age assignment of the Abor series. First, Kesari (2010), in an Indian Geological Survey 
report, has argued that the suite represents two discrete magmatic episodes. An Early Permian one is 
considered equivalent to a nearby unit called the Lichi Volcanics (Kesari, 2010, p. 13); a second dates 
from the Early Eocene and sees the “Abor Volcanics” sat within the Yongkiang Group (Kesari, 2010, p. 
15). Unfortunately, the accompanying geological map has a scale of 1: 2,000,000, thus it is difficult to 
visualize the detailed geographical distributions and field relations of the two packages. 
A second study (Liebke et al., 2011), presents various types of radiometric data: K-Ar whole-rock 
on five basalt and two Yinkiong Formation shale samples together with low-temperature fission track 
and (U–Th)/He analyses of zircons extracted from the bounding sedimentary packages. The whole-rock 
basalt ages were interpreted as largely being partial resets, although one (AbV-1) was notable for 
yielding a Late Cretaceous (~87 Ma) age, thereby precluding the sample coming from Eocene-erupted 
volcanics. Additionally, a float boulder yielded a Late Carboniferous age (319 ±15 Ma), which could be 
taken as evidence of Late Paleozoic eruptive activity. However, we would be cautious in placing undue 
emphasis on this result as we have no idea what mineral phase(s) it relates to. Liebke et al. (2011) also 
applied low-temperature techniques to the sedimentary units that sit below (Miri Quartzite, one 
4 
 
sample) and above (Yinkiong Fm, two samples) the Abor Volcanics. Unsurprisingly, they reported latest 
Cretaceous and Eocene ages from fine mineral extractions from Yinkiong Formation shales, in 
accordance with the biostratigraphic ages known from the unit. However, at no stage have contact 
relations of any sort - stratigraphic or tectonic - been demonstrated with Abor Volcanic units by any 
previous workers (Liebke et al., 2010, p. 86, also raise this issue). Thus these ages bring little to the 
debate. As anticipated, the fission-track ages reported by Liebke et al. (2011) indicate that the Yinkiong 
Formation was deposited after 56 Ma.  However, the youngest age cluster (~150 Ma) associated with 
the Miri Quartzite sample is problematic; Kesat et al. (2010) places the unit in the Paleozoic and 
describes how it is overlain by a Yamne Formation, a lithostratigraphic package that contains Permian 
pollen and marine invertebrate fossils. 
 
2. Alternative age-dating technique based past plate positions and paleomagnetism  
An alternative approach to resolving the age ambiguity associated with the Abor Volcanics 
makes use of paleomagnetism (e.g. McElhinny, 1973; Tarling, 1985; Van der Voo, 1993). In essence, the 
latitudinal position and/or orientation of a crustal block over moderately long geological intervals is 
invariably different, thus a primary magnetic direction recorded by a unit will reflect this (e.g. Hanna, 
1967; Gose and Finch, 1992; Harlan et al., 1997; Reynolds et al., 1997). Critically, India in the Early 
Permian occupied a position within central Gondwana and the NE corner of the craton was located at 
mid southerly latitudes (Grunow, 1999; Stampfli and Borel, 2002; Torsvik, 2003, Torsvik et al., 2008) – 
Fig. 2. This contrasts with the Early Eocene when the same area sat a few degrees north of the equator, 
a short distance west of SE Asia (Smith et al., 1994; Acton, 1999; Schettino and Scotese, 2005; Ali and 
Aitchison, 2008). Thus, if the eruptive units that have been labelled “Abor Volcanics” carry primary 
magnetizations, deducing whether they date from the Permian or the Eocene (or even both times if 
Kesari’s, 2010, suggestion is correct) should be relatively straightforward. 
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3. Sampling and laboratory work 
Sampling of the unit was carried out in two phases: February-March 2008, by JRA, JCA and ATB, 
and March 2009, by JRA and ATB. The 2008 work involved inspecting road-accessible outcrops close to 
or alongside the lower reaches of the Siang and Sipong rivers. The second period required us to white-
water raft down the Siang setting out from a beach 2 km upriver (28° 22.216’N, 095° 04.297’E) from the 
large bridge near the settlement of Ditedime (just to the east of Locality 2, Fig. 1). The excursion 
terminated at a landing site (28° 08.067’N, 095° 08.422’E), close to Rotung village, an expedition of four 
days. 
Large parts of the field area are sparsely populated, so assigning meaningful geographical names 
to particular exposures is often not practicable. Therefore the outcrops are referred to numerically (1–7 
in the Siang River, 8 in the Sipong), each with their own WGS84 geographic coordinates determined 
using a hand-held Garmin GPS unit. Where appropriate, formal place names are also provided. Riverside 
exposures are referred to as either “left” or “right” bank (following the downstream flow-direction 
convention - see Wilson, 1993). 
Oriented blocks, 500–700 cm3, were collected from eight outcrops. Substantial differences in 
bedding attitudes exist between different exposures, which is convenient for the paleomagnetic 
investigation because it potentially provides a means of establishing whether the magnetizations pre- or 
post-date the structural disruption. Most samples are from flows 1–5 m thick; three feeder dykes units 
were also sampled. 
Upon returning to Hong Kong standard 2.54 cm-diameter by 2.15 cm-long drill core specimens 
were prepared from the blocks. Remanance measurements were carried out using an Agico JR6A 
spinner magnetometer. The bulk of the samples were demagnetized using a Molspin alternating field 
(AF) tumbler system; the remaining 20% were analysed using a Magnetic Measurements thermal 
demagnetizer. Following the laboratory processing, characteristic magnetization (ChRM) directions were 
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determined using principal component analysis (Kirschvink, 1980) applied to data that had been plotted 
on vector-end-point plots (Zijderveld, 1967). Typically the samples carry simple magnetizations with the 
high-stability components isolated at 10–20 mT (Figs 3, 4). Thermal demagnetization indicates that 
unblocking occurs between 550°C and 600°C (Fig. 4), which suggests that magnetite is the likely 
remanence carrier. Site and locality-level mean directions were calculated using the statistics of Fisher 
(1953) (see also Table 1). 
 
4. Results 
4.1. Locality 1 (28° 23.137’N, 095° 04.503’E) 
The section on the left (east) bank of the Siang River is ~1.7 km upstream from the bridge at 
Ditedime. It comprises several 3 to 5 m thick lava flows, which dip WNW at around 57°. Four flows were 
sampled, PA14–17, from a sequence spanning 40–50 m of stratigraphy. The in situ mean direction is Dec 
= 104.4°, Inc = 15.9°, where the α95 = 8.3° and k = 24.8, whilst the tilt-corrected direction is Dec = 86.2°, 
Inc = 71.5°, α95 = 7.1°, k = 166.4 (Table 1, Fig. 5).  
 
4.2. Locality 2 (28° 21.076’N, 095° 02.883’E) 
The section on the right (north) bank of the Siang River is 1.5 km downstream from the bridge at 
Ditedime. The Abor Volcanics comprise two c. 5 m thick flows (one of which shows columnar jointing), 
which dip ~25° to the NE-ENE. In the approximately 200 m-long exposure, the volcanics rest non-
conformably over a basement high of gneissic rocks, and conformably onlap quartzites. Additionally, 
several narrow dykes intrude the succession. Two flows (PA10-11) and the two intrusive bodies (PA12-
13) were sampled. Although reliable directional data were obtained from four sites, those from just 
three (PA10, 11 and 13) are used to calculate a locality mean direction (in situ: Dec = 12.7°, Inc = -84.5°, 
α95 = 33.9° and k = 14.3; tilt-corrected: Dec = 248.9°, Inc = -68.7°, α95 = 33.3°, k = 14.7 [Table 1, Fig. 6]).  
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4.3. Locality 3 (28° 20.632’N, 095° 02.293’E) 
Seven flows were sampled from two exposures (PA34–7 and PA38–40) either side of a small 
embayment on the left (south) bank of the Siang, ~8.7 km downstream from the bridge at Ditedime. The 
strata here dip steeply (70°) to the west, and there is a stratigraphic gap of approximately 50 m between 
the two outcrops. Six sites yielded useful data and the in situ mean direction is Dec = 93.4°, Inc = 4.5°, 
where α95 = 11.0° and k = 38.1 (Table 1, Fig. 7). Application of the tilt correction results in a direction of 
Dec = 79.0°, Inc = 73.6°.  
 
4.4. Locality 4 (28° 19.808’N, 094° 59.730’E) 
Five consecutive flows (with a stratigraphic span of about 22 m) were sampled on a small 
platform above the left (east) bank of the Siang (PA41–45) about 2.5 km downstream from Locality 4. 
The strata dip 60° towards the southwest. The in situ mean direction is Dec = 66.3°, Inc = 5.6°, where α95 
= 22.5° and k = 17.7 (Table 1, Fig. 8). Application of the tilt correction results in a direction of Dec = 82.7°, 
Inc = 62.6. 
 
4.5. Locality 5 (28° 19.267’N, 094° 59.918’E) 
Three flows were sampled at an exposure on the right bank of the Siang (PA46–48) 
approximately 4.3 km upstream from the hanging bridge close to Boleng village. The cooling units dip 
46° towards the WSW and have a stratigraphic thickness of about 40 m, and between them several 
decimetre to metre-scale thick volcaniclastic layers are present. This can be used to infer a reasonable 
period between eruptions, which should aid with averaging-out geomagnetic secular variation. Two sites 
yield similar directions and the mean is Dec = 55.3 °, Inc = 32.6 ° (Table 1), where the angular separation 
is 35.9°. Application of the tilt correction results in a direction of Dec = 15.5 °, Inc = 71.5 °.  
 
8 
 
4.6. Localities 6a (28° 09.236’N, 095° 03.543’E) and 6b (28° 09.209’N, 095° 03.655’E) 
Two sections ~190 m apart were sampled from a physically and structurally continuous outcrop 
~3 km downstream from the village of Yembung. Samples were collected from four lava flows in 
Outcrop 6a (PA51–4) and three from Outcrop 6b (PA55–7). There is a ~20 m stratigraphic gap between 
the two outcrops, which both dip ~37° towards the SSW, 6b being below 6a. A critical feature of the 
combined two-outcrop data set (seven sites) is that they record a geomagnetic reversal; the three older 
flows have directions that are WSW/steep upwards whilst the younger cooling units are ESE oriented 
and steep downwards (Fig. 9). The in situ mean direction is Dec = 41.6°, Inc = 34.2°, where α95 = 5.4° and 
k = 124.6 (Table 1); tilt-corrected direction is Dec = 67.7 °, Inc = 66.3°, where α95 = 5.5° and k = 121.0. 
 
4.7. Locality 7 (28° 07.998’N, 095° 07.038’E) 
Locality 7 is on the right (south) bank of the Siang River about 2.6 km upstream from the village 
of Rotung. The sampled exposure has a total stratigraphic thickness of 30–35 m and comprises several 
1–3 m thick flows, with intercalated volcaniclastic layers. The strata dip 80° towards 176°. Seven cooling 
units were sampled (PA1–7) including a 1 m-wide dyke, PA4. All seven sites yielded directional data 
(Table 1), five of which show reasonable clustering with an in situ mean of Dec = 25.3°, Inc = 17.1°, 
where α95 = 15.0° and k = 26.9 (Fig. 10). In tilt corrected coordinates, the direction is Dec = 101.7°, Inc = 
59.7°. The fact that the dyke sample has a very different orientation (Dec = 183.9°, Inc = -51.5°) suggests 
that the section has not suffered magnetic overprinting. 
 
4.8. Locality 8 (28° 21.629’N, 095° 13.020’E) 
Three basaltic cooling units, one aphyric the other two amygdaloidal, were sampled (PA19–21) 
at a fresh road cutting above the Sipong River. The “younging” direction for the sub-vertical flows 
(towards ENE) was based on intercalated volcaniclastic units. Samples PA19 and PA20, which are from 
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adjacent flows, record almost identical directions. Therefore, to avoid to insufficient averaging-out of 
geomagnetic secular variation, the locality mean is based on the two directions combined with that from 
Site PA21 (Table 1): the in situ Dec = 225.7°, Inc = 18.0°, tilt-corrected Dec = 128.4°, Inc = 59.7° (where 
the angular separation is 39.8°). 
 
5. Summary of the magnetization directions 
In total, the 34 site directions (for locality 8, those from sites PA20 and PA21 were combined) 
that were used to calculate locality-mean directions are used to deduce a formational average. As can 
be seen from Fig. 11 and Table 2, the in situ directions (Dec = 52.5°, Inc = 40.8°, where α95 = 20.5° and k = 
2.4) are appreciably more scattered than the tilt-corrected ones (Dec = 86.4°, Inc = 68.8°, where α95 = 
6.0° and k = 18.1). Together with the reversal record at Locality 6, it strongly suggests that the 
magnetization is ancient, probably primary. The tilt-corrected declination, derived using the statistics of 
Fisher (1953), indicates that the Abor Volcanics have experienced a net counter-clockwise rotation of 
some 94 degrees. The inclination value can also be used to generate a paleolatitude (51.8°S), but 
because the simple bedding corrections are unlikely to accommodate all of the deformation 
experienced by these rocks (i.e. it is likely that there have been within-flow-plane rotations), we prefer 
to derive this important angle using the inclination-only statistics of McFadden and Reid (1982). Thus Inc 
= 72.7°, where α95 = 6.2° and k = 18.3, which equates to a formation latitude of 58.1°S (Table 2). 
 
5. Refutation that the Abor Volcanics in the lower Siang Valley are Eocene 
The paleomagnetic data obtained from the Abor Volcanics in the Siang Valley’s lower reaches 
(Ditedime-Rotong) unequivocally support the Early Permian-age proposal. As stated in the introductory 
paragraphs, if the effusive activity had taken place in the Early Eocene as proposed by Sengupta et al., 
(1996), Acharyya and Sengupta (1998), Acharyya (2000, 2007), we would anticipate the mean inclination 
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to be sub-horizontal and the declination to be approximately N-S. At that time, northeast India lay just 
north of the equator and the sub-continent had the same basic orientation as it does today (Fig. 12; 
Smith et al., 1994; Acton, 1999; Schettino and Scotese, 2005; Ali and Aitchison, 2008). However, the 
inclination is steep and the declination is offset by >90°, and this can be better explained if the 
remanence was acquired at a mid-latitude Southern Hemisphere location, which is exactly where the 
region was in the Early Permian (Fig. 12; Grunow, 1999; Stampfli and Borel, 2002; Torsvik, 2003, Torsvik 
et al., 2008). Based on India’s Late Paleozoic orientation, approximately half the declination offset, that 
is ~50°, can be attributed to the net counter-clockwise rotation of the sub-continent since then; the 
remaining ~45° presumably reflects the localized motion of thrust sheets in the Eastern Syntaxis area 
following India’s collision with Asia (the field area sits a short distance south of this indentation). 
Furthermore, a Permian age is also consistent with our observation at Locality 2, close to the settlement 
of Ditedime, where the Abor basalts rest non-conformably upon gneisses; if the volcanics there are 
Eocene, it begs the question what happened to the intervening formations that supposedly present 
across the region? It is worth emphasizing, though, that our paleomagnetic test of the two age proposals 
is only applicable to a small portion of Arunachal Pradesh where “Abor Volcanics” have been mapped. 
Notably, however this does include the type area for the formation. It is entirely possible that an Eocene 
suite is present in the broader area (see Kesari, 2010); we neither sampled nor observed it. 
 
7. Correlation to the geomagnetic polarity time-scale 
The regional synthesis of Kesari (2010) places the Lichi volcanics/Permian “Abor volcanics” a 
short distance above the Permo-Carboniferous Bichom Formation, which comprises, in ascending order, 
a diamictite (Rilu Member), a deep-water distal-clastic/pelagic unit (Bomte Member), and a tuffaceous 
shale with minor quartzite bands (Sesa Member) (see also, Srivastava et al., 1987). The overall 
stratigraphy appears identical to that reported for large parts of eastern Gondwana in the Early Permian 
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Asselian and Sakmarian stages (e.g., Wopfner & Jin, 2009). In this scheme, the Bomte and Sesa members 
would together represent the flooding/high-stand deposits following the final retreat of the vast ice-
sheet that blanketed much of Gondwana in the Late Paleozoic. A post-Early Sakmarian age would also 
account for the large majority of Siang River basin flows/dykes carrying reverse polarities (Fig. 11; only 
at two outcrops, #2 and #6b, are normal polarity cooling units present), since the interval corresponds 
with the Kiaman Reverse Polarity Superchron (311.7–265.8 Ma; Gradstein et al., 2005). Somewhat more 
speculatively, we also propose that the normal-polarity samples are records of the short (few hundred 
thousand-year long) within-Kiaman field reversal in the mid-Artinksian, ~280 Ma (see also Opdyke, 1995, 
and Alva-Valdivia et al., 2002). Although we emphasize that this is tentative explanation, it should be 
noted that the next normal-polarity interval dates from the early Capitanian, ~265 Ma. 
 
8. Permian volcanism, eastern Gondwana break-up, formation of Neotethys 
Geotectonic models based on the Permian-age interpretation of the Abor Formation (presently 
at ~95°E) all have the unit as the easternmost suite of a series of mafic magmatic provinces that were 
emplaced across today’s northern India in the early to middle parts of the geological period (Le Fort, 
1975; Acharyya, 1980; Bhat, 1984; Bjat et al., 1981; Bhat and Ahmad, 1990; Garzanti, 1999; Garzanti et 
al., 1999; Chauvet et al., 2008; Wopfner & Jin 2009) (Fig. 12). These include the Panjal Traps of NE 
Pakistan-NW India (73.5° to 77.5°E), the Nar Tsum Spilites of Nepal (~85°E), the Bhote Khosi Basalts of 
southern Tibet (85.2°E), and an unnamed unit in southern Sikkim (88.2°E). The consensus (e.g., Garzanti 
et al., 1999; Wopfner and Jin, 2009) is for the igneous activity to have been related to the ribbon-like 
Cimmerian continental block rifting from eastern Gondwana (e.g., Şengor, 1979, 1987; Şengor et al., 
1988; Valdiya, 1997; Stampfli and Borel, 2002; Angiolini et al., 2003; Ueno, 2003; Ferrari et al., 2008) 
(Fig. 13). Moreover, the northern India mafic provinces might also be genetically linked to a similar one 
in Oman on the Arabian Peninsula (Maury et al., 2003; Lapierre et al., 2004) (Fig. 13; prior to the 
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Gondwana’s break-up and dispersal, NW India and SE Arabia were within 1500 km of one another (Ali 
and Aitchison, 2008). There is, however, a problem with linking the Abor Volcanics (and the southern 
Sikkim suite) to the rifting of the Cimmerian terrane. The other bodies form part of the Himalayan 
Tethys sequence and were thus erupted close to the Indian block’s northern edge (Fig. 14). There, the 
volcanics are covered by a relatively complete sequence of Mesozoic shelf deposits (Garzanti, 1999). In 
contrast the series at Abor and Sikkim are part of the Lesser Himalayan sequence (see also Sinha Roy 
and Furnes, 1978, 1980) and would have thus sat a considerable distance inboard from the Indian 
block’s “northern” edge (Fig. 14). This probably explains why the stratigraphic record at those locations 
is very different to that of the Tethyan Himalayas; above the Permian Abor Volcanics the next youngest 
clearly mappable unit is the Yinkiong Formation, from which Middle Eocene marine fossils have been 
reported (e.g., Singh and Singh, 1983; Tripathi and Mamgain, 1986; Sengupta et al., 1998). A relatively 
recent evaluation of Greater India’s size, shape and pre-breakout position within Gondwana (Ali and 
Aitchison, 2005) suggests that the Abor and Sikkim eruptions would have been 1400–1500 km south of 
the rifting zone, which had to run north of the continental basement forming the Wallaby and Zenith 
plateaus west of Australia (Fig. 13; Colwell et al., 1994; Jorgensen et al., 2009). As a consequence, we 
suggest that the Abor Volcanics in the lower Siang River result from the approximately coeval rifting that 
was also taking place between India/Antarctica and India/Australia, for example, Veevers and Tewari 
(1995), Harrowfield et al. (2005), and Veevers (2006), as well as extension within the Indian Craton 
(Ghosh et al., 2012) (Fig. 13). Extension in these areas terminated soon afterwards, but 120-plus million 
years later on in the Early Cretaceous some of the rifting loci formed the break-up margins between 
eastern India and eastern Antarctica, and northern Greater India and western Australia (e.g., Ali and 
Aitchison, 2008). 
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9. Conclusions 
A paleomagnetic investigation was carried out on the Abor Volcanics of NE India to address a 
contentious debate concerning the age of the unit, Early Permian versus Early Eocene. The majority of 
the sampled lavas and dykes in the type area of the formation in the lower Siang River basin carry 
primary magnetizations (mainly reverse polarity). They exhibit steep inclinations and substantially offset 
declinations. This suggests that the formation is not of Eocene age, but instead Permian; a speculative 
magnetostratigraphically-based argument can be made for them dating from ~280 Ma, in the Artinskian. 
At that time, India formed part of Gondwana and the NE corner of the craton was situated at moderate 
southerly latitudes. We stress, though, that our sampling was from a relatively small area within 
Arunachal Pradesh and we cannot exclude the possibility that Ypresian mafic rocks exist elsewhere.  
Beyond the matter of elucidating a contentious age-dating issue, the result contributes to 
models explaining the mid-Phanerozic development of the eastern Gondwana. A number of workers 
have proposed that the Abor Volcanics formed part of a discontinuous suite of broadly coeval basaltic 
provinces in Oman, NW India, Southern Tibet and Nepal following detachment of the Cimmerian block 
from the supercontinent. However, on the basis of stratigraphical, structural and plate modeling 
considerations, we suggest that the series more likely relates to the extension that was also taking place 
between India and its southern and eastern neighbours, Antarctica and Australia. 
 
Acknowledgements 
Research Grants to JRA (CERG - HKU7002/05, HKU7001/10) and JCA (CERG - HKU7001/07) 
supported the fieldwork and laboratory studies. Muraleedharan Nair of the Indian Consular Office in 
Hong Kong provided valuable assistance and advice. Oken Tayeng (Abor Country Travels and 
Expeditions) and Nino Dai (Donyi Hanggo Adventure Tours and Travels) are thanked for organizing our 
fieldtrips. Rob Van der Voo (University of Michigan) kindly shared information. Ravikant Vadlamani 
14 
 
(Indian Institute of Science Education and Research at Kolkata) assisted with a number of questions 
regarding the Upper Paleozoic rocks of northern India.
15 
 
References 
Acharyya, S.K., 1980. Geochemistry and geotectonic implication of basic volcanic rocks in the Lower 
Gondwana sequence (Upper Palaeozoic) of the Sikkim Himalayas. Geological Magazine 117, 
621–624. 
Acharyya, S.K., 1999. The role of India-Asia Collision in the amalgamation of the Gondwana-derived 
blocks and deep-seated magmatism during the Paleogene at the Himalayan foreland basin and 
around the Gongha Syntaxis in the South China Block. Gondwana Research 2, 510–512. 
Acharyya, S.K., 2001. The role of India-Asia collision in the amalgamation of the Gondwana-derived 
blocks and deep-seated magmatism during the Paleogene at the Himalayan foreland basin and 
around the Gongha Syntaxis in the South China Block. Gondwana Research 4, 61–74. 
Acharyya, S.K., 2007. Evolution of the Himalayan Paleogene foreland basin, influence of its litho-packet 
on the formation of thrust related domes and windows in the eastern Himalayas – a review. 
Journal of Asian Earth Sciences 31, 1–17. 
Acharyya, S.K., Sengupta, S., 1998. The structure of the Siang window, its evolution and bearing on the 
nature of eastern syntaxis of the Himalaya. (Indian) National Academy of Science Letters 21, 
177–192. 
Acton, G.D., 1999. Apparent polar wander of India since the Cretaceous with implications for regional 
tectonics and true polar wander. In: Radhakrishna, T., Piper, J.D.A. (Eds.), The Indian 
Subcontinent and Gondwana: A Palaeomagnetic and Rock Magnetic Perspective, Mem. Geol. 
Soc. India vol. 44, pp. 129–175. 
Aitchison, J.C., Ali, J.R., Davis, A.M., 2007. When and where did India and Asia collide? Journal of 
Geophysical Research 112B, doi:10.029/2006JB004706. 
Ali, J.R., Aitchison, J.C., 2005. Greater India. Earth-Science Reviews 72, 169–188. 
16 
 
Ali, J.R., Aitchison, J.C., 2008. Gondwana to Asia: plate tectonics, paleogeography and the biological 
connectivity of the Indian sub-continent from the Middle Jurassic through end Eocene (166–35 
Ma). Earth-Science Reviews 88, 145–166. 
Alva-Valdivia, L.M., Goguitchaichvili, A., Grajales, M., Flores de Dios A., Urrutia-Fucugauchi J., Rosales, C., 
Morales, J., 2002. Further constraints for Permo-Carboniferous magnetostratigraphy: case study 
of the sedimentary sequence from San Salvador–Patlanoaya (Mexico). Comptes Rendus 
Geosciences 334, 811-817. 
Angiolini, L., Balini, M., Garzanti, E., Nicora, A., Tintori A., Crasquin, S. Muttoni, G., 2003. Permian 
climatic and paleogeographic changes in northern Gondwana: the Khu¡ Formation of interior 
Oman. Palaeogeography, Palaeoclimatology, Palaeoecology 191, 269–300. 
Bhat, M.I., 1984. Abor volcanics: further evidence for the birth of the Tethys Ocean in the Himalayan 
segment. Journal of the Geological Society of London 141, 763–775. 
Bhat, M.I., Ahmad, T., 1990. Petrogenesis and the mantle source characteristics of the Abor volcanic 
rocks, eastern Himalayas. Journal of the Geological Society of India 36, 227–246. 
Bhat, M.I., Zainuddin, S.M., Rais A., 1981. Panjal Trap chemistry and the birth of Tethys. Geological 
Magazine 118, 367-375. 
Chauvet, F., Dumont, T., Basile, C., 2009. Structures and timing of Permian rifting in the central Oman 
Mountains (Saih Hatat). Tectonophysics 475, 563–574. 
Chauvet, F., Lapierre, H. Bosch, D., Guillot,S. Mascle, G. Vannay, J.C., Cotten,J., Brunet,P., Keller, F., 2008. 
Geochemistry of the Panjal Traps basalts (NW Himalaya): records of the Pangea Permian break-
up. Bulletin de la Societe Geologique de France 179, 383–395. 
Dezes, P., 1999, Tectonic and metamorphic evolution of the central Himalayan domain in southeast 
Zanskar (Kashmir, India). Memoire Geologie Lausanne 32, 1–160. 
17 
 
Ferrari, O.M., Hochard, C., Stampfli, G.M., 2008. An alternative plate tectonic model for the Palaeozoic–
Early Mesozoic Palaeotethyan evolution of Southeast Asia (Northern Thailand–Burma). 
Tectonophysics 451, 346–365. 
Fisher, R.A., 1953. Dispersion on a sphere. Proceedings of the Royal Society of London A217, 295–305. 
Garzanti, E., 1999. Stratigraphy and sedimentary history of the Nepal Tethys Himalaya passive margin. 
Journal of Asian Earth Sciences 17, 805–827. 
Garzanti, E., Le Fort, P., Sciunnach, D., 1999. First report of Lower Permian basalts in South Tibet: 
tholeiitic magmatism during break-up and incipient opening of Neotethys. Journal of Asian Earth 
Sciences 17, 533–546. 
Ghosh, S., Sarkar, S., Ghosh, P., 2012. Petrography and major element geochemistry of the Permo-
Triassic sandstones, central India: Implications for provenance in an intracratonic pull-apart 
basin. Journal of Asian Earth Sciences, 43, 207–240. 
Gordon, R.G., Van der Voo, R. 1995. Mean paleomagnetic poles for the major continents and the Pacific 
plate. In: Global Earth Physics, a handbook of physical constants. AGU reference Shelf 1, 1995 
pp. 225–239. 
Gose, W.A., Finch, R.C., 1992. Stratigraphic implications of palaeomagnetic data from Honduras. 
Geophysical Journal International 108, 855–864. 
Gradstein, F.M., Ogg, J.G., Smith A.G. and forty others, 2005. A Geologic Time Scale 2004. Cambridge 
University Press, Cambridge, 589 p. 
Grunow, A.E., 1999. Gondwana events and palaeogeography: a palaeomagnetic review. Journal of 
African Earth Sciences 28, 53–59. 
Hall, R., 2011. Australia–SE Asia collision: plate tectonics and crustal flow. In Hall, R., Cottam, M.A. & 
Wilson, M.E.J. (eds) The SE Asian Gateway: History and Tectonics of the Australia–Asia Collision. 
Geological Society of London Special Publication, 355, 75–109. 
18 
 
Hanna, W.F., 1967. Paleomagnetism of Upper Cretaceous volcanic rocks of southwestern Montana. 
Journal of Geophysical Research, 72, 595–610. 
Harlan, S. S., Geissman, J.W., Snee, L.W., 1997. Paleomagnetic and 40Ar/39Ar geochronologic data from 
Late Proterozoic mafic dikes and sills, Montana and Wyoming. U.S. Geological Survey 
professional paper 1580, 16p. 
Harrowfield, M., Holdgate, G.R., Wilson, C.J.L., McLoughlin, S., 2005. Tectonic significance of the 
Lambert Graben, East Antarctica: reconstructing the Gondwanan rift. Geology 33, 197–200. 
Jain, A.K., Thakur, V.C., 1978. Abor Volcanics of the Arunachal Himalaya. Journal of the Geological 
Society of India 19, 335–349. 
Kesari, G.K., 2010. Geology and Mineral Resources of Arunachal Pradesh, Geological Survey of India 
Miscellaneous Publication, Volume 30 Part IV vol I (i) Arunachal Pradesh: Guwhati, Geological 
Survey of India, p. 54. 
Kirschvink, J.L., 1980. The least squares line and plane and the analysis of paleomagnetic data. 
Geophysical Journal of the Royal Astronomical Society 62, 699–718. 
Lapierre, H., Samper, A., Bosch, D., Maury, R.C., Bechennec, F., Cotton, J., Demant, A., Brunet, P., Keller, 
F., Marcoux, J., 2004. The Tethyan plume: geochemical diversity of Middle Permian basalts from 
the Oman rifted margin. Lithos 74, 167–198. 
Le Fort, P., 1975. A spilitic episode in the Tibetan upper Paleozoic Series of Central Nepal. Bulletin Indian 
Geological Association, Chandigarh 8, 100–105. 
Liebke, U., Antolin, B., Appel, E., Basavaiah, N., Mikes, T., Dunkl, I., Wemmer, K., 2011, Indication for 
clockwise rotation in the Siang window south of the eastern Himalayan syntaxis and new 
geochronological constraints for the area. In: Gloaguen, R. & Ratschbacher, L. (eds) Growth and 
Collapse of the Tibetan Plateau. Geological Society, London, Special Publications, 353, 71–97. 
19 
 
Maury, R.C., Béchennec, F., Cotton, J., Cordey, F., Marcoux, J. 2003. Middle Permian plume-related 
magmatism of the Hawasina Nappes and the Arabian Platform: implications on the evolution of 
the Neotethyan margin in Oman. Tectonics 22, Art No. 1073. 
McElhinny, M.W., 1973. Palaeomagnetism and plate tectonics. Cambridge University Press, Cambridge, 
pp. 358. 
McFadden, P.L., Reid, A.B., 1982. Analysis of palaeomagnetic inclination data. Geophysical Journal of the 
Royal Astronomical Society 69, 307–319. 
Metcalfe, I., 1996. Pre-Cretaceous evolution of SE Asian terranes. In: Hall, R., Blundell, D.J. (Eds.) 
Tectonic evolution of SE Asia. Geological Society of London Special Publication No. 106, 97–122. 
Metcalfe, I., 2011. Palaeozoic-Mesozoic History of SE Asia. In Hall, R., Cottam, M.A. & Wilson, M.E J. 
(eds) The SE Asian Gateway: History and Tectonics of the Australia–Asia Collision. Geological 
Society of London Special Publication, 355, 7–35. 
Opdyke, N.D., 1995. Magnetostratigraphy of Permo-Carboniferous time. In: Berggren, W.A., Kent, D.V., 
Aubry, M.P. & Hardenbol, J. (eds). Geochronology, time scales and stratigraphic correlation: 
framework for an historical geology. Soc. Econ. Paleontologists and Mineralogists Special 
Publication 54, 41–47. 
Prasad, B., Dey, A.K. 1986. The occurrences of Eocene sediments in Arunachal Pradesh: palynological 
evidence. Bull. ONGC, 23:2, 67-74. 
Prasad, B., Dey, A.K., Gogoi, P.K., Maithani, A.K., 1989. Early Permian plant microfossils from the 
intertrappean beds of Abor Volcanics, Arunuchal Pradesh, India. Journal of the Geological 
Society of India 34, 83–88. 
Reynolds, R.L., Goldhaber, M.B., & Snee, L.W., 1997. Paleomagnetic and 40Ar/39Ar results from the 
Grant Intrusive breccia and comparison to the Permian Downeys Bluff Sill: evidence for Permian 
20 
 
igneous activity at Hicks Dome, Southern Illinois Basin. U.S. Geological Survey Bulletin, 2094-G, 
16 p 
Roy Chowdhury, J., 1979. Abor Volcanics of the Arunachal Himalaya: a discussion. Journal of the 
Geological Society of India 20, 45–56. 
Schettino, A., Scotese, C.R., 2005. Apparent polar wander paths for the major continents (200 Ma to the 
present day): a palaeomagnetic reference frame for global plate tectonic reconstructions. 
Geophysical Journal International, 163, 727–759. 
Şengor, A.M.C., 1979. Mid-Mesozoic closure of Permo-Triassic Tethys and its implications. Nature 279, 
590–593. 
Şengor, A.M.C., 1987. Tectonics of the Tethysides: orogenic collage development in a collisional setting. 
Annual Review of Earth and Planetary Sciences 15, 213–214. 
Şengor, A.M.C., Altmer, D., Cin, A., Ustaömer, T., Hsü, J.J., 1988. Origin and assembly of the Tethyside 
orogenic collage at the expense of Gondwana Land. In: Audley-Charles, M.G. & Hallam, A. (eds) 
Gondwana and Tethys. Geological Society of London Special Publication No. 37, 119–181. 
Sengupta, S., Acharyya, S.K., de Smeth, J.B., 1996. Geochemical characteristics of the Abor volcanic 
rocks, N.E. Himalaya, India: nature and Early Eocene magmatism. Journal of the Geological 
Society of London 153, 695–704. 
Singh, T. 1999. Palaeontological records from the Eastern Himalayas: a synthesis. In: Geological studies 
in the Eastern Himalayas, ed. P.K. Verma, pp. 129-163, Pilgrims Books (Pvt) Ltd. Delhi. 
Singh, T., Singh, P., 1983. Late Early Eocene larger foraminiferids from Siang district, Arunachal Pradesh, 
India and their geological significance. Geoscience Journal 4, 141–156. 
Sinha Roy, S., Furnes, H., 1978. Geochemistry and geotectonic implication of basic volcanic rocks in the 
Lower Gondwana sequence (Upper Palaeozoic) of the Sikkim Himalayas. Geological Magazine 
115, 427–436. 
21 
 
Sinha Roy, S., Furnes, H., 1980. Alkaline vs calc-alkaline continental magmatism: implications for the 
Gondwanic Rift  in the Himalayas. Geological Magazine 117, 624–629. 
Smith, A.G., Smith, D.G., Funnell, B.M., 1994. Atlas of Mesozoic and Cenozoic coastlines. Cambridge 
University Press, Cambridge pp. 99. 
Srivastava, S.C, Anand-Prakash, Singh, T., 1987. Permian palynofossils from the eastern Himalaya and 
their genetic relationship. Palaeobotanist 36, 326–338. 
Stampfli, G.M., Borel, G.D., 2002. A plate tectonic model for the Paleozoic and Mesozoic constrained by 
dynamic plate boundaries and restored synthetic oceanic isochrons. Earth and Planetary Science 
Letters 196, 17–33. 
Tarling, D.H., 1983. Paleomagnetism, Principles and Applications in Geology, Geophysics and 
Archaeology, Chapman & Hall, London pp. 379. 
Torsvik, T.H., 2003: The Rodinia jigsaw puzzle. Science 300, 1379–1381. 
Torsvik, T.H., Müller, R.D., Van der Voo, R., Steinberger, B., Gaina, C., 2008. Global plate motion frames: 
toward a unified model. Reviews of Geophysics 46, Art No. RG3004. 
Tripathi, C., Mamgain, V.D., 1986. The larger foraminifera from the Yinkiong Formation (Early Eocene) of 
east Siang district, Arunuchal Pradesh. Journal of the Palaeontological Society of India 31, 76–84. 
Ueno, K., 2003. The Permian fusulinoidean faunas of the Sibumasu and Baoshan blocks: their 
implications for the paleogeographic and paleoclimatologic reconstruction of the Cimmerian 
Continent. Palaeogeography, Palaeoclimatology, Palaeoecology 193, 1–24. 
Valdiya, K.S., 1997. Himalaya, the northern frontier of East Gondwana. Gondwana Research 1, 39, 3–9. 
Van der Voo, R., 1993. Paleomagnetism of the Atlantic, Tethys, and Iapetus oceans. Cambridge 
University Press, Cambridge, pp. 411. 
Veevers, J.J., 2006. Updated Gondwana (Permian–Cretaceous) earth history of Australia. Gondwana 
Research 9, 231–260. 
22 
 
Veevers, J.J., Tewari, R.C., 1995. Permian– Carboniferous and Permian–Triassic magmatism in the rift 
zone bordering the Tethyan margin of southern Pangea. Geology 23, 467–470. 
Wilson, K.G., 1993. The Columbia Guide to Standard American English. Columbia University Press, New 
York pp. 482. 
Wopfner, H., Jin X.C., 2009. Pangea megasequences of Tethyan Gondwana-margin reflect global changes 
of climate and tectonism in Late Palaeozoic and Early Triassic times - a review. Palaeoworld 18, 
169–192. 
Yin, A., Harrison, T.M., 2000. Geologic evolution of the Himalayan–Tibetan orogen. Annual Reviews of 
Earth Planetary Science 28, 211–280. 
Zijderveld, J.D.A., 1967. A.C. demagnetization of rocks. In: D.W. Collinson, K.M. Creer, S.K. Runcorn 
(Eds.), Methods in Paleomagnetism. Elsevier, New York pp. 256–286. 
23 
 
Figure Captions 
1. Simplified geological map of the “Siang Window” showing the outcrop of the Abor Volcanics (shown 
in grey - based on Acharyya, 2007). Investigated exposures are shown with the circled numbers, 1–8. 
Abbreviations for large villages and small towns: B = Boleng, D = Dalbuing, P = Pangin, R = Rotung, Y 
= Yinkiong; abbreviations for structures: MCT = Main Central Thrust, MBT = Main Boundary Thrust, 
NPT = North Pasighat Thrust. 
2. Greater India block in the mid-Early Permian (~280 Ma) and the late Early Eocene (~50 Ma), as well 
as the Indian craton today. To aid comparisons, the 60°S, 30°S, equator, 30°N and 60°N latitude lines 
have been emphasized. The Ypresian fix is based on Acton (1999), whilst the Permian reconstruction 
uses data from Torsvik et al. (2008). The stencil for the sub-continent is based on Ali and Aitchison 
(2005). For clarity, the continents adjacent to India in the Permian (Gondwana: Arabia, Africa, 
Madagascar, Antarctica and Australia), Eocene and Present (Asia) are not shown. Also depicted is 
the approximate location of the Abor Volcanics at the various times. The schematic diagram on the 
right-hand side shows the expected magnetization directions of the remanence is primary and dates 
from the Early Permian or Early Eocene, or a recent overprint; black /white arrows indicate 
normal/reverse polarity. 
3. Examples of AF demagnetization data plotted on vector-end-point plots (Zijderveld, 1967). In all 
cases the data are shown in the tilt-corrected reference frame. Solid/open circles represent vectors 
projected onto the horizontal/vertical planes. For each sample, the identifier and initial natural 
remanent magnetization intensity (Jo) are shown (units of the latter being mA/m). Key 
demagnetization steps are also indicated (up to 100 mT). 
4. Examples of thermal demagnetization data plotted on vector-end-point plots (Zijderveld, 1967). In 
all cases the data are shown in the tilt-corrected reference frame. Solid/open circles represent 
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vectors projected onto the horizontal/vertical planes. For each sample, the identifier and initial 
natural remanent magnetization intensity (Jo) are shown (units of the latter being mA/m). Key 
demagnetization steps (in °C) are also indicated. 
5. Equal angle stereonet plots of in situ (top) and tilt corrected (bottom) site mean direction data from 
Locality 1 (also see Table 1). Solid circles represent downward dipping directions. 
6. Equal angle stereonet plots of in situ (top) and tilt corrected (bottom) site mean direction data from 
Locality 2 (also see Table 1). Open circles represent upward dipping directions. 
7. Equal angle stereonet plots of in situ (top) and tilt corrected (bottom) site mean direction data from 
Locality 3 (also see Table 1). Solid/open circles represent downward/upward dipping directions. 
8. Equal angle stereonet plots of in situ (top) and tilt corrected (bottom) site mean direction data from 
Locality 4 (also see Table 1). Solid/open circles represent downward/upward dipping directions. 
9. Equal angle stereonet plots of in situ (top) and tilt corrected (bottom) site mean direction data from 
Locality 6 (also see Table 1). Solid/open circles represent downward/upward dipping directions. 
10. Equal angle stereonet plots of in situ (top) and tilt corrected (bottom) site mean direction data from 
Locality 7 (also see Table 1). Solid/open circles represent downward/upward dipping directions. 
11. Equal angle stereonet summarizing the tilt-corrected data from the eight studied localities. 
12. Simplified geotectonic map of the Himalayas with the Permian mafic volcanic formations of 
northern India highlighted (redrawn from Chauvet et al., 2008, Fig. 1, with the addition of the 
unnamed southern Sikkim mafic unit of Sinha Roy and Furnes, 1978).  
13. Gondwana in the late Early Permian (280 Ma) positioned using information in Torsvik et al. (2008, 
Table 4, “South Africa” columns). The image shows the paleopositions of the various Early/Middle 
Permian mafic volcanic formations. As a consequence of the substantial N-S shortening in the 
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northern Greater India “cover” sequences, the arrows associated with the Tethyan Himalayan Panjal 
Traps, Nar Tsum Spilites and Bhote Khosi Basalts, indicate the lines along which the volcanic rocks 
likely erupted. In contrast, with the Abor and Sikkim volcanics being part of the lesser Himalaya, they 
would not have been transported as far relative to the Indian craton. Note also that the Cimmerian 
terrane had probably fully detached from eastern Gondwana before the end of the Middle Permian 
(Stampfli and Borel, 2002, Fig. 6); prior to this, its eastern end was separated from northern 
Australia that rifted from the latter in the Middle to Late Jurassic (Hall, 2011; Metcalfe, 2011). Like 
Stampfli and Borel, we interpret Cimmeria to have included the southern Qiangtang and Lhasa 
blocks (compare the alternative views of Metcalfe, 1996; Yin and Harrison, 2000). Abbreviations: E, 
W and Z respectively refer to the Exmouth, Wallaby and Zenith plateaus that sit to the W and NW of 
Australia. Regarding the latter two, they have been restored to accommodate extension associated 
with the Late Jurassic-Early Cretaceous rifting that affected western Australia. 
14. Schematic cross section from southern Tibet across the Himalaya based on Dezes (1999) and 
Aitchison et al. (2007). Abbreviations: MBT, Main Boundary thrust; MCT, Main Central thrust; STDF, 
Southern Tibet detachment fault; YTS, Yarlung Tsangpo suture. Of particular importance are the 
structural sites of the various mafic suites. 
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 Table Captions 
1. Summary of the paleomagnetic data. Nc(Np) = number of specimens from a site used to calculate 
the mean direction from the number of specimens processed. For entries in the NRM range 
columns, the values are in mA/m. Where a mean direction has been calculated using two directions 
(Localities 5 and 8), the angular separation value indicates the scatter. Mean inclination-only angles 
are based on the statistics of McFadden and Reid (1982). 
 
2. Synthesis of the paleomagnetic data. The mean direction is based on the statistics of Fisher (1953); 
the averaged inclination values are calculated using the technique of McFadden and Reid (1982). 
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Strike/dip/ Flow/ IN SITU TILT CORR. S.H. α95 Used in
Loc./Site dip dir. dyke Nc(Np) min max DEC INC DEC INC POL /AS(*) K mean calcs
Locality 1 - 28° 23.137’N, 095° 04.503’E (road, 2008)
PA14 204/57/WNW F 7(7) 21 41 107.7 19.3 90.2 75.2 R 1.7 1333.5 ‡
PA15 204/57/WNW F 5(6) 1.7 3.2 112.2 13.6 108.8 70.6 R 3.6 455.1 ‡
PA16 204/57/WNW F 3(3) 812 995 100.5 17.6 72.5 70.4 R 5.6 493.6 ‡
PA17 200/58/WNW F 4(6) 4 21 97.3 12.7 76.1 67.5 R 8.0 134.3 ‡
Loc. Mean IS 4(4) 104.4 15.9 – – – 8.3 124.8
Loc. Mean TC 4(4) – – 86.2 71.5 R 7.1 166.4
Locality 2  - 28° 21.076’N, 095° 02.883’E (road, 2008)
PA10 319/25/NE F 12(12) 447 1075 36.0 -68.4 279.2 -83.8 N 1.2 1235.7 ‡
PA11 333/25/ENE F 3(3) 23 52 256.8 -69.4 249.8 -44.8 N 7.0 308.9 ‡
PA12 333/25/ENE D 5(7) 722 3145 44.6 -35.9 33.4 -58.9 ? 8.4 83.0
PA13 333/25/ENE D 5(5) 2 17 75.2 -78.9 233.6 -75.7 N 7.2 115.3 ‡
Loc. Mean IS 3(5) 12.7 -84.5 – – – 33.9 14.3
Loc. Mean TC 3(5) – – 248.9 -68.7 N 33.4 14.7
Locality 3 - 28° 20.632’N, 095° 02.293’E (raft, 2009)
PA34 189/70/W F 5(5) 15 18 81.0 13.7 26.2 71.7 R 1.8 1874.1 ‡
PA35 189/70/W F 5(5) 22 67 84.9 -2.5 65.9 63.6 R 9.0 72.8 ‡
PA37 189/70/W F 6(6) 16 77 109.3 4.5 133.3 71.5 R 3.8 314.0 ‡
PA38 172/68/W F 3(3) 6 9 83.4 17.5 98.7 85.3 R 3.8 1064.0 ‡
PA39 172/68/W F 3(3) 63 92 84.1 -3.9 86.8 64.0 R 3.1 1607.5 ‡
PA40 172/68/W F 5(5) 32 64 81.3 2.2 79.9 70.2 R 2.0 1519.2 ‡
Loc. Mean IS 6(7) 87.3 5.3 – – – 11.6 34.4
Loc. Mean TC 6(7) – – 79.0 73.6 R 11.0 38.1
Locality 4 - 28° 19.808’N, 094° 59.730’E (raft, 2009)
PA41 144/60/SW F 4(4) 72 145 84.2 -4.7 99.1 44.2 R 16.0 33.9 ‡
PA42 144/60/SW F 6(6) 40 76 69.9 -7.0 79.5 49.6 R 9.5 51.0 ‡
PA43 144/60/SW F 4(4) 186 255 204.7 -24.8 147.9 -64.4 ? 4.6 400.9
PA44 144/60/SW F 5(7) 97 380 56.4 20.3 71.4 79.9 R 6.2 154.3 ‡
PA45 144/60/SW F 3(3) 368 654 53.8 13.3 55.6 73.3 R 4.9 633.7 ‡
Loc. Mean 4(5) 66.3 5.6 82.7 62.6 R 22.5 17.7
Locality 5 - 28° 19.267’N, 094° 59.918’E (raft, 2009)
PA46 165/46/WSW F 8(8) 70 387 36.7 24.9 3.9 54.2 R 11.4 24.43 ‡
PA47 165/46/WSW F 5(5) 160 213 266.2 40.2 263.4 -5.1 ? 6.3 147.13
PA48 165/46/WSW F 7(7) 203 234 76.5 37.2 90.4 83.0 R 1.5 1605.8 ‡
Loc. Mean 2(3) 55.3 32.6 15.5 71.5 R *35.9 NA
Locality 6a - 28° 09.236’N, 095° 03.543’E (raft, 2009)
PA51 114/37/SSW F 4(4) 294 159 45.5 34.6 72.1 66.1 R 4 534.0 ‡
PA52 114/37/SSW F 6(6) 167 218 46.8 36.5 77.2 67.1 R 1.8 1377.0 ‡
PA53 114/37/SSW F 5(5) 7.5 12.9 38.3 38.2 63.3 72.2 R 3.7 424.2 ‡
PA54 114/37/SSW F 3(3) 0.6 4.5 42.7 42.1 80.3 73.4 R 5.3 538.3 ‡
Loc. Mean 4(4) 43.4 37.9 73.8 69.0 R 5.0 343.8
Locality 6b - 28° 09.209’N, 095° 03.655’E (raft, 2009)
PA55 107/38/SSW F 4(4) 149 168 222.3 -26.6 244.0 -57.8 N 2.5 1321.2 ‡
PA56 107/38/SSW F 5(5) 42 68 221.8 -24.7 241.6 -56.4 N 1.5 2489.3 ‡
PA57 107/38/SSW F 5(5) 23 97 213.4 -36.0 240.5 -69.8 N 7.6 102.31 ‡
Loc. Mean 219.4 -29.2 242.2 -63.0 N 11.3 119.6
Sites PA51-57 IS 7(7) 41.6 41.6 – – R 5.4 124.6
Sites PA51-57 TC 7(7) – – 67.7 66.3 R 5.5 121.6
Locality 7 - 28° 07.998’N, 095° 07.038’E (road, 2008)
PA1 085/80/S F 8(10) 51 591 1.2 67.4 172.2 32.4 R 7.9 50.6
PA2 085/80/S F 10(11) 207 334 18.8 13.9 96.9 66.4 R 2.8 289.9 ‡
PA3 085/80/S F 6(6) 1234 1929 22.0 25.0 118.8 60.3 R 2.3 829.9 ‡
PA4 085/80/S D 7(7) 341 3725 181.3 28.0 183.9 -51.5 ? 8.0 57.3
PA5 085/80/S F 6(6) 140 199 14.3 6.1 74.9 70.5 R 2.6 656.4 ‡
PA6 085/80/S F 4(4) 15 55 22.1 23.7 116.3 60.8 R 2.1 1962.0 ‡
PA7 085/80/S F 6(7) 24 82 50.1 14.6 95.8 36.1 R 5.4 157.0 ‡
Locality Mean 5(7) 25.3 17.1 101.7 59.7 R 15.0 26.9
Locality 8 - 28° 21.629’N, 095° 13.020’E (road, 2008)
PA19 342/88/ENE F 5(5) 713 1051 219.4 -0.9 166.8 57.3 R 3.5 466.3 ‡
PA20 342/88/ENE F Th 2(2) 42 137 219.9 -0.1 165.4 57.8 R * 1.4 NA ‡
PA21 342/88/ENE F 4(4) 38 161 233.6 36.7 95.9 51.4 R 5.1 329.9 ‡
Loc. Mean ((PA19+PA20)+PA21) 2(2) 225.7 18.0 128.4 59.7 R *39.8 NA
NRM range
Table 1
IN SITU TILT CORR. S.H.
N DEC INC DEC INC POL α95 K
Overall Mean: in situ 34 52.5 40.8 – – 20.5 2.4
Overall Mean: tilt 34 – – 86.4 68.8 R 6.0 18.1
Mean Inclination: in situ 34 – 28.5 – – 7.6 7.9
Mean Inclination: tilt 34 – – – 72.7 R 6.2 18.3
Table 2
